By virtue of being the product of the genetic admixture of three ancestral roots: Europeans, Africans, and Amerindians, the present-day Brazilian population displays very high levels of genomic diversity, which have important pharmacogenetic/-genomic (PGx) implications. Recognition of this fact has prompted the creation of the Brazilian Pharmacogenomics Network (Refargen), a nationwide consortium of research groups, with the mission to provide leadership in PGx research and education in Brazil, with a population heath impact. Here, we present original data and review published results from a Refargen comprehensive study of the distribution of PGx polymorphisms in a representative cohort of the Brazilian people, comprising 1,034 healthy, unrelated adults, self-identified as white, brown, or black, according to the Color categories adopted by the Brazilian Census. Multinomial log-linear regression analysis was applied to infer the statistical association between allele, genotype, and haplotype distributions among Brazilians (response variables) and self-reported Color, geographical region, and biogeographical ancestry (explanatory variables), whereas Wright's F ST statistics was used to assess the extent of PGx divergence among different strata of the Brazilian population. Major PGx implications of these findings are: first, extrapolation of data from relatively well-defined ethnic groups is clearly not applicable to the majority of Brazilians; second, the frequency distribution of polymorphisms in several pharmacogenes of clinical relevance (e.g., ABCB1, CYP3A5, CYP2C9, VKORC) varies continuously among Brazilians and is not captured by race/Color self-identification; third, the intrinsic heterogeneity of the Brazilian population must be acknowledged in the design and interpretation of PGx studies in order to avoid spurious conclusions based on improper matching of study cohorts.
INTRODUCTION
The present-day Brazilian population, in excess of 190 million people, is highly heterogeneous and admixed, as result of five centuries of mating between native Amerindians, Europeans, and subSaharan Africans. This fact renders inappropriate extrapolation of pharmacogenetic/-genomic (PGx) data derived from well-defined ethnic groups to the majority of Brazilians. Recognition of this fact has prompted the creation of the Brazilian Pharmacogenomics Network or Refargen (Suarez-Kurtz, 2004 ), a nationwide consortium of research groups, mostly from academia 1 . In consonance with its mission to provide leadership in PGx research and education in Brazil, with impact on population heath (Suarez-Kurtz, 2009 ), Refargen has recently concluded a comprehensive study of the distribution of PGx polymorphisms among Brazilians. In this article, we will present original data and review previously published results , 2012a Pena et al., 2011; Sortica et al., 2012) from the Refargen study and discuss the 1 http://www.refargen.org.br PGx implications of the findings for Brazilians and possibly other admixed populations of the Americas.
The study cohort consisted of 1,034 healthy, unrelated adults recruited in the North, Northeast, Southeast, and South regions of Brazil (Figure 1) . Each individual signed a written informed consent and was asked to self-identify according to the classification scheme adopted by the Brazilian Census 2 , which relies on self-perception of skin color. Accordingly, the subjects were distributed into three groups: branco (White, n = 342), pardo (Brown, n = 350), and preto (Black, n = 342). The term Color is capitalized throughout the text, to call attention to its special meaning in the context of the Brazilian Census classification. This cohort is considered representative of the present-day Brazilian population since 99% of Brazilians self-identify in one of the three Color categories, and 93% live in one of the four regions, included in the study 3 . Individuals from the Center-West region (7% of the Brazilian population) and those classified as "Yellow" (meaning Asian descendants, 0.7%) or Amerindian (0.3%) were not included in the study. We genotyped 44 loci in 12 pharmacogenes (Table 1) which modulate drug metabolism (CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP3A5, COMT, and TPMT ), transport (ABCB1, SLCO1B1, and SLCO1B3) and effect (VKORC1). Pharmacogenomics Knowledge Base (PharmGKB 4 ) lists all these genes, except SCLO1B3, as "Important PGx genes (VIP)" and two thirds of the 44 polymorphisms investigated as "Important Variants."
We will initially present data for the overall cohort and for each Color group within this cohort. Figure 2 shows frequency histograms of the total number of minor alleles identified in each individual. No statistically significant difference (Kruskal-Wallis test p = 0.92) was detected across the three Color groups, the median (interquartile range) number of polymorphisms being 17 (14-20), 16 (13-18), and 16 (13-19) in White, Brown, and Black individuals. This adds to 18.9% of the total number of alleles genotyped at the 44 loci in the overall cohort. However, the allele frequency at 11 of these loci differed significantly (chi square p < 0.05) across the Color groups. The pharmacogenes affected were ABCB1 (2 SNPs), CYP2C8 (1) CYP3A5 (3), NAT2 (3), SLCO1B1 (1), SCLO1B3 (2 SNPs, which are in complete LD) and VKORC1 (2). We applied the Wright's F ST statistics (Wright, 1951) to estimate the extent of PGx divergence among the three Color strata, and observed mean F ST values of 0.005 (SD 0.006), 0.013 (0.017), and 0.004 (0.005) for pair-wise comparisons of White vs. Brown, White vs. Black, and Brown vs. Black, respectively (SuarezKurtz et al., 2012b) . According to Wright's qualitative guidelines (Wright, 1978) 
DISTRIBUTION OF PHARMACOGENETIC POLYMORPHISMS AMONG BRAZILIANS ACCORDING TO COLOR CATEGORIES AND GEOGRAPHICAL REGIONS
With an area of 8,511,960 Km 2 , Brazil is a country of continental size (the fifth largest in the world) and different regions have diverse population histories. For instance, the North had a large influence of the Amerindian root, the Northeast had a history of strong African presence due to slavery and the South was mostly settled by European immigrants (Pena et al., 2011) . We have applied multinomial log-linear regression analyses , 2012c Sortica et al., 2012) to infer the statistical association between allele, genotype, and haplotype distributions among Brazilians (response variables) and self-reported Color and geographical region (explanatory variables). This procedure obviates the need for correction for multiple comparisons, because the main effects and interaction terms are tested simultaneously within each regression context. Table 2 illustrates results from this exercise, applied to selected genes affecting drug metabolism (CYP2C8, CYP2C9, and CYP2C19), transport (ABCB1 and SLCO1B1) and response (VKORC1). Color per se associates significantly with the frequency distribution of CYP2C8 and CYP2C9 variant alleles, ABCB1 and SLCO1B1 haplotypes, and VKOC1 3673G > A alleles and genotypes; no association is observed with respect to the CYP2C19 polymorphisms. Color in combination with geographical region is significantly associated with distribution of CYP2C8 and CYP2C9 alleles, ABCB1 and SLCO1B1 haplotypes, whereas geographical region per se associates with CYP2C8 and CYP2C9 allele frequency.
We explored further the PGx heterogeneity among Brazilians by the F ST statistics. First, we performed pair-wise comparisons between Color groups within each geographical region, and detected significant differences in the distribution of F ST values for White vs. Brown (P < 0.0001, ANOVA) and White vs. Black (P < 0.0001), but not Brown vs. Black individuals, across regions (Suarez-Kurtz et al., 2012b) . This implies that the extent of pharmacogenetic divergence between Whites and Non-Whites (i.e., Black and Brown individuals) varies significantly among regions. The data presented in Figure 3 supports this interpretation: we show that 10 selected polymorphisms in ABCB1, CYP2D6, CYP3A5, SLCO1B1, SCLO1B3, and VKORC1 display moderate divergence between Whites and Blacks in the South, compared www.frontiersin.org these F ST results extend the conclusions of the multinomial analyses described above, that the distribution of PGx polymorphisms among Brazilians is influenced by self-reported Color, geographical region, and the interaction of these two variables. Collectively, these data reflect the notorious heterogeneity of the Brazilian population and highlight the inappropriateness of ascribing PGx polymorphisms' frequencies for "Brazilians" based on data from one or more Color strata recruited at a given region (or city).
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IMPACT OF BIOGEOGRAPHICAL ANCESTRY ON THE DISTRIBUTION OF PHARMACOGENETIC POLYMORPHISMS AMONG BRAZILIANS
These analyses were based on the individual proportions of European, African, and Amerindian ancestry, estimated using a panel of short insertion/deletion polymorphisms, validated as ancestryinformative markers (Bastos-Rodrigues et al., 2006) , and the STRUCTURE clustering software (Pritchard et al., 2000) . These data, available for 965 subjects confirmed that the vast majority of Brazilians, irrespective of self-reported Color, share European and African ancestries in variable proportions, and a sizable number of individuals display also distinct Amerindian ancestry Pena, 2006, 2007; Suarez-Kurtz et al., 2010; Pena et al., 2011) . The average proportions of European ancestry decrease progressively from self-reported White (mean 0.80, SD 0.21, n = 325), to Brown (0.62, 0.29, 322 ) and then to Black individuals (0.46, 0.20, 318) , and the opposite trend is observed with respect to African ancestry, which averaged 0.10 (SD 0.14) in White, 0.25 (0.26) in Brown, and 0.42 (0.29) in Black persons. However, the individual proportions of European and African ancestry varies widely, and most importantly, as a continuum within each of these three Color categories, whereas the individual proportion of Amerindian ancestry remains relatively constant across the three groups, ranging from 0.10 to 0.13. To describe the association between PGx polymorphisms and the estimated individual biogeographical ancestry we fitted non-linear logistic regression modeling using maximum likelihood estimation. A consistent finding in these analyses (Suarez-Kurtz et al., 2007a ,b, 2010 , 2012c Estrela et al., 2008; Vargens et al., 2008) is that the frequency distribution of PGx polymorphisms among Brazilians is best fit by continuous functions of the individual proportions of African and European ancestry. This is illustrated in Figures 5 and  6 . In Figure 5 we show that the probability of having the wild-type (C/G/C) and the T/G/C ABCB1 haplotypes increases continuously with the increase in African ancestry, whereas the opposite trend is observed for the T/nonG/T haplotype. Figure 6 shows that the odds of having the heterozygous, and to a lesser extent, the homozygous variant genotype at the VKORC1 3673G > A locus increase progressively as the individual proportion of European ancestry increases. For comparison, we also display in Figure 6 the distribution of VKORC1 3673G > A genotypes among Portuguese, by far the most important source of European migrants from Brazil, and individuals from Angola and Mozambique, two former Portuguese colonies in Africa, and origin of enslaved Africans brought to Brazil. Considering that the European and African components together account for 89% of the diversity in individual genetic ancestry in the Refargen cohort (Pena et al., 2011) , it might be anticipated that: (a) the greater the difference in frequency of a given polymorphism between Europeans and sub-Saharan Africans, the wider the range of frequency variation among Brazilians; (b) the range of variation among Brazilians will be smaller than the difference in frequency between Europeans and Africans, because of the admixture of these ancestral roots in Brazilians. We have previously verified both these predictions for polymorphisms in VKORC1 and within the CYP2C cluster (Suarez-Kurtz et al., 2012c) . We applied the F ST statistics FIGURE 5 | Effect display for the distribution of ABCB1 haplotypes in the logit model fit to the data for African ancestry in 965 Brazilians. The haplotypes comprising the 1236C >T, 2677G > nonG, and 3435C >T SNPs are shown at the right of the plot. The individual proportion of African ancestry is shown in the x -axis. The y -axis is labeled on the probability scale. The plot was generated as described by Venables and Ripley (2002) and implemented as function "multinom" available in the R package "nnet." Data from Sortica et al. (2012) .
to examine these predictions in 38 polymorphisms which were genotyped in the Refargen cohort and also in the HapMap project. In Figure 7 we shown the pair-wise F ST values for each polymorphism in HapMap CEU vs. YRI cohorts -taken as proxies of the European and sub-Saharan African ancestral roots of Brazilians, respectively -and Brazilians with >90% European ancestry vs. Brazilians with >80% African ancestry. The attenuation of pharmacogenetic divergence between the Brazilian groups compared to the HapMap populations is evident.
CONCLUDING REMARKS AND PERSPECTIVES
The kaleidoscopic diversity of the admixed Brazilian population, with tri-hybrid biogeographical ancestry in Europe, Africa, and America adds complexity to, but also creates advantages for PGx research. Advantages include the opportunity to explore PGx associations in individuals with heterogeneous genetic ancestry under similar environmental and socio-economical conditions, and to gather information on peoples that are excluded or underrepresented in clinical drug trials, such as sub-Saharan Africans and Native Americans. A major challenge to PGx studies in Brazil is population stratification, which if not controlled for, will confound the outcomes of PGx association studies. Our studies describe ways to control for this caveat, by combining ancestry-informative markers and appropriate statistical approaches. A distinct message that emerges from these studies is that race/color categorization does not capture the distribution of PGx polymorphisms among Brazilians, which is best modeled by continuous functions of the individual proportions of European and African ancestry, irrespective of self-identified Color (Suarez-Kurtz, 2010) . Recognition of this fact is important in the design and interpretation of PGx clinical trials in Brazilians but does not imply that PGx-informed drug www.frontiersin.org prescription requires investigation of individual ancestry. Rather, individual genotyping should be directed to PGx polymorphisms of proven clinical utility for the specific medical condition being treated, irrespective of biogeographical ancestry.
Drug assessment and regulatory processes in Brazil are carried out by the National Health Surveillance Agency, ANVISA, an independently administered, financially autonomous agency, managed by a Collegiate Board of Directors 5 . ANVISA has the mandate to grant, and withdraw, product registration permits within its areas of activity, which comprise medicines for human use. Registration of new medicines do not require, that clinical trials be carried out in the Brazilian population, and evaluation of the medicine's efficacy and toxicity is based mainly, if not exclusively, on foreign data. Despite the increasing enrolment of non-Caucasian subjects in global drug development programs, most data submitted to ANVISA derive from white Europeans and North Americans. We have recently shown that there is little pharmacogenetic divergence between the HapMap CEU cohort of European extraction and White Brazilians, such that only CYP3A5 * 3 among 44 polymorphisms exceeded the F ST threshold for moderate divergence. By contrast, F ST analyses revealed very large divergence between CEU and Black Brazilians for CYP3A5 * 3 and moderate divergence for eight other polymorphisms, including another CYP3A5 SNP (CYP3A5 * 6 ) and SNPs in the ABCB1, SLCO1B3, and SLCO1B1 genes. These findings represent a caveat against extrapolation of PGx data from European-derived ("Caucasian") cohorts to the ensemble of Brazilians.
Admixture is common in all developing nations in the American continent, although the relative contributions of the three major ancestral roots -native American, European, and subSaharan African -vary among these nations, as well as among ethnic groups and geographical regions within a given country. Hence, extrapolation of conclusions drawn from PGx studies in Brazilians to other admixed Latin American populations must take into account the specific patterns of population structure and diversity across the Americas. Therapeutic drugs are usually developed and investigated for their safety and efficacy in geographical and ethnical populations that do not encompass the diversity of Latin American peoples. Drivers and barriers to the adoption of PGx in developing countries, and specific ways in which these countries could benefit from PGxbased drug therapy deserve greater attention from academic and industrial scientists, prescribers, and legislators in developing nations across the Americas. This goal is not likely to be achieved simply by mandates to include subjects from ethnic minorities in clinical drug trials, especially when these groups are labeled by phenotypes which do not accurately reflect genetic ancestry (Suarez-Kurtz, 2005 , 2010 Pena, 2006, 2007) .
